T
he photosensory system of the halophilic archaeon Natronobacterium pharaonis consists of sensory rhodopsin II (pSRII) and transducer II (pHtrII) proteins (1, 2) . Upon absorption of a photon, the seven-transmembrane helical membrane protein pSRII undergoes conformational changes that are transmitted to pHtrII (3) . pHtrII is composed of two transmembrane helices and a long intracellular domain that has a CheA͞ CheW kinase-binding site (2) . In the light-activated, ''repellent'' state pHtrII enhances the autophosphorylation rate of CheA, which, in turn, phosphorylates CheY. CheY interacts directly with the flagellar motor switch, which changes the direction of the rotation of the flagellum, resulting in movement away from light. The same ''two-component'' signal transduction system has been characterized in detail in eubacterial chemotaxis (4, 5) .
The 3D structure of the complex between pSRII and the transmembrane domain of pHtrII is known for both the dark, inactive and the light, activated states (6, 7) . These structures and EPR spectroscopic studies (8) suggest that conformational changes in pSRII induce a 15°rotation of pHtrII helix II and a 0.9-Å displacement at its cytoplasmic end (7) . However, it is not known how this conformational signal is transmitted to the cytoplasmic signaling domain but it likely involves conformational changes in the domain for histidine kinases, adenylyl cyclases, methyl binding proteins, and phosphatases (9) . The latter domain is often present in bacterial sensor and chemotaxis proteins and eukaryotic histidine kinases (10) . It connects the transmembrane and cytoplasmic signaling domains in the fulllength receptor and is known to have highly dynamic characteristics such as found in molten globules (11) . Globally dynamic behavior also characterizes a fragment corresponding to the cytoplasmic signaling domain of the chemotaxis aspartate receptor (12) . In crystalline form, the structure of the analogous cytoplasmic domain fragment of the chemotaxis serine receptor Tsr-cyt reveals a 200-Å-long coiled-coil dimeric configuration (13) . The ability of the cytoplasmic domain to dimerize is important, because full-length chemotaxis receptors function as dimers and it is known that the activity of the aspartate receptor cytoplasmic fragment, Tar-cyt, from Salmonella typhimurium is increased in the presence of the leucine zipper dimerization domain (14) . In the presence of CheA and CheW, these fragments form higher-order oligomers (15, 16) . This property may have implications for signaling in vivo, which is believed to occur in large arrays of organized receptor clusters.
Here, we have investigated the ability of pHtrII-cyt to form oligomeric structures by using a combination of chemical crosslinking, analytical gel-filtration chromatography (AGFC), and small-angle neutron scattering (SANS). We find that in dilute buffers the protein is monomeric. Dimers form in the presence of 4 M KCl, whereas the addition of ammonium sulfate induces higher-order aggregation. The dimensions of both monomeric and dimeric pHtrII-cyt deduced from SANS data are consistent with an elongated rod shape as it was observed for the Tsr-cyt dimer in the crystalline state. CD spectra indicate that the dimeric and especially the monomeric rods are highly dynamic.
Results and Discussion

Conformational Preferences of pHtrII-cyt Under Different Conditions.
The CD spectrum of purified pHtrII-cyt in PBS lacks evidence for a stable secondary structure (Fig. 1, solid line) . The addition of 4 M KCl, which corresponds to the native intracellular environment of halophilic archaea (17, 18), resulted in a spectrum indicating substantial ␣-helical structure (Fig. 1, dotted  line) . Stronger ␣-helical conformation was observed in the presence of ammonium sulfate saturations between 30% and 60% ( Fig. 1, dashed-dotted line) . To test whether these differences in the CD spectra obtained in PBS with and without KCl or ammonium sulfate result in significant changes in shape and size of the pHtrII-cyt molecules, we conducted AGFC, crosslinking, and SANS experiments.
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Analysis of Native pHtrII-cyt by AGFC. AGFC of pHtrII-cyt under different conditions is presented in Fig. 2 . All peak fractions were analyzed by SDS͞PAGE and confirmed the presence of pHtrII-cyt (data not shown).
In PBS, AGFC shows an elution volume of 11 ml (Fig. 2 , m peak). Based on a standard calibration curve obtained with a set of soluble globular proteins, this volume corresponds to a diffusion coefficient of a globular protein with a molecular mass of 240-250 kDa.
Upon the addition of ammonium sulfate to the PBS, a gradual shift of the elution peak to a lower apparent molecular mass was observed (Fig. 2a) . In 50% and higher saturation of ammonium sulfate, pHtrII-cyt could not be eluted from the column. Subsequent washes with PBS eluted pHtrII-cyt quantitatively (data not shown), which suggests that ammonium sulfate induces aggregation that results in unspecific hydrophobic interactions with the gel-filtration column. In the presence of 4 M KCl or 4 M NaCl, the elution volume of pHtrII-cyt increased from 11.0 to 12.1-12.5 ml and broadened (Fig. 2b) . The results from AGFC support the conclusion that the solvent-dependent changes in CD spectra (Fig. 1) are associated with changes in shape, size, or aggregation state of pHtrII-cyt.
SDS͞PAGE and AGFC of Cross-Linked pHtrII-cyt. Because AGFC alone cannot distinguish between conformational changes and differences in size or aggregation state, we carried out crosslinking experiments in PBS with ammonium sulfate or KCl (Fig.  3) . To minimize contributions of conformational changes and differences in solvent interactions to AGFC elution volumes, we conducted all experiments in a single running buffer (PBS). Indeed, the CD spectrum obtained in PBS after cross-linking in different additives returns to that of the monomer in PBS (Fig.  1, dashed line) . The SDS͞PAGE gels corresponding to the AGFC peaks are shown in Fig. 3 Insets. Each peak is labeled with a number that identifies the corresponding band on the SDS gel. The identity of each band was derived from SDS͞PAGE of the respective individual fractions from AGFC (data not shown).
On SDS͞PAGE, pHtrII-cyt shows a molecular weight higher than the calculated value, indistinguishable from that shown in Fig. 3a . This discrepancy is common to the proteins from halophilic archaea (19) and is related to their high negative charge content. To reveal whether there are close homooligomeric contacts between pHtrII-cyt molecules, pHtrII-cyt was incubated with cross-linking reagents, and the SDS͞PAGE mobility was analyzed (Fig. 3a) . Because there was no effect on pHtrII-cyt mobility on SDS͞PAGE, we conclude that pHtrII-cyt is predominantly monomeric in PBS. There was no sign of aggregation and͞or oligomerization in the range of concentrations used in the experiments. Moreover, AGFC of the crosslinked product in PBS yielded a single major peak eluting at Ϸ11.3 ml (Fig. 3a) , similar to the peak at 11.0 ml observed for the uncross-linked sample ( Fig. 2 , peak m).
The addition of 10% final ammonium sulfate concentration to the cross-linking mixture in PBS did not affect the position of the protein band on SDS͞PAGE or the AGFC elution volume (Fig.  2b) , indicating monomeric configuration. However, both the band on SDS͞PAGE and the elution peak became sharper than in PBS. We conclude that ammonium sulfate at low concentrations reduces the polydispersity of pHtrII-cyt without a change in oligomerization state.
In 40% ammonium sulfate, additional bands were seen in SDS͞PAGE (Fig. 3c Inset). These bands indicated dimer-and higher-order oligomerization. Aggregation was more pronounced in 70% ammonium sulfate (data not shown).
Multiple cross-linked species were observed in 4 M KCl (Fig.  3d) . When eluting the cross-linked samples during AGFC in PBS, the major intensity was at 10.5 ml (Fig. 3d, band 3 ). This fraction corresponded to a diffuse SDS͞PAGE band of molecular mass between 80 and 120 kDa. This molecular mass is approximately double that of the apparent molecular mass of pHtrII-cyt on SDS͞PAGE. This result suggests that the majority of pHtrII-cyt is present as a dimer in 4 M KCl or 4 M NaCl (data not shown). When AGFC of the cross-linked sample was repeated in 4 M KCl, higher volumes were required for elution, as observed for the uncross-linked sample (Fig. 2b) . The major peak in cross-linked pHtrII-cyt was also observed at Ϸ12.5 ml in 4 M KCl, whereas it appeared at Ϸ10.0 ml in PBS alone. This finding indicated that the peak observed at Ϸ12.5 ml in 4 M KCl in both the cross-linked and uncross-linked samples corresponded to the dimer.
SANS Indicates Rod-Like Shape of pHtrII-cyt.
To obtain complementary information on the shape and oligomerization state of pHtrIIcyt, we carried out SANS measurements. In SANS, the scattering intensity I(Q) is proportional to the scattering contrast between the protein particle and the solvent ⌬ 2 ϭ ( p Ϫ solvent ) 2 , where p and solvent refer to the scattering length density (SLD) of the particle and the solvent, respectively. For a particle of volume V consisting of atoms with coherent scattering lengths b i the average SLD is defined as
If we divide the particle into small volume elements v i and local contrast values i the radius of gyration R g is defined as
where R i is the distance from the center of the mass of the contrast distribution in the particle to the volume element i.
Experimental plots of the scattering intensity I as a function of moment transfer value Q are characterized by several regimes: (i) the Guinier region (Q Ϸ 1͞R g ), which is used to determine R g ; (ii) the fractal regime (Q Ͼ 1͞R g ), where the scattering intensity follows a power law I(Q) ϳ Q Ϫ␣ ; and (iii) for particles with well defined interfaces the so-called Porod regime (20) . The exponent ␣ depends on the shape of the particles. In the Guinier (21) and fractal regimes, scattering curves can be fitted by using the approximation proposed by Beaucage (22) :
where the first term is the Guinier approximation and P is the amplitude of the power law term. The forward scattering intensity I(0) cannot be measured experimentally directly but is proportional to the scattering contrast:
where ⌽ is the volume fraction calculated from the ratio between the protein concentration and the protein density, ⌽ ϭ c͞d p , and V is the volume of the particle. In the case of rod-like objects (␣ ϭ 1) the amplitude P can be expressed as
where r is the radius of the rod. The scattering intensities of SANS spectra obtained with pHtrII-cyt at concentrations of 2 and 7.5 mg͞ml in deuterated PBS (dPBS) were directly proportional to the protein concentration, indicating that the protein does not oligomerize under these conditions. The experimental data normalized by the protein concentration c are plotted in Fig. 4a for pHtrII-cyt in dPBS (E) and dPBS plus 4 M KCl (Ⅺ). In both cases, the scattering intensity I(Q) follows the scaling law Q Ϫ1 over a wide range of Q values from 0.03 to 0.07-0.1 Å Ϫ1 (Fig. 4a, dashed  line) . This type of I(Q) dependence is characteristic for dilute randomly oriented rods. Therefore, the experimental observations are consistent with a rod-like shape in both dPBS and dPBS plus 4 M KCl. The radii of gyration R g were obtained from the linear fits in the Guinier region (Fig. 4b) . Despite the large differences in secondary structure content, R g was identical, in both cases being equal to 54 Ϯ 3 Å.
Simulation of Theoretical pHtrII-cyt SANS Data Using the Tsr-cyt
Crystal Structure. The Q Ϫ1 dependence suggests that the shapes of pHtrII-cyt in both dPBS and dPBS plus 4 M KCl correspond to that of a rod. A rod-like shape is consistent with the expectation based on the homologous Tsr-cyt crystal structure shown in Fig.  4d (13) . We therefore calculated the theoretical scattering curve based on the atomic coordinates from the Tsr-cyt crystal structure (13) . The resulting simulated data are plotted in Fig. 4a as a dotted line. The shape of the curve approximates the experimental SANS data for pHtrII-cyt in both buffers extremely well. The predicted R g for Tsr-cyt equals 54.4 Å, which is in excellent Table 1 . Because the error on SANS scattering data in the Guinier region is small (see Fig. 4b ), the error on extrapolated I(0)͞c values is also small (see Table 1 ). The intersection of experimental and calculated lines gives N. In dPBS, the experimental and theoretical I(0)͞c values intersect at N ϭ 1. We therefore conclude that pHtrII-cyt in dPBS is in the monomeric form. In dPBS plus 4 M KCl, the intersection is at N ϭ 2.3. The fact that N is not an integer value suggests that under these conditions the system is polydisperse. The closest integer number is 2, supporting the conclusion that the majority of particles are dimers with a certain amount of higher-order oligomers and͞or aggregates in the solution. Further validation of N ϭ 2 comes from comparison of observed scattering intensities and estimated H͞D exchange in the sample. The number of exchangeable protons from amino acid side chains is 164, and those from the backbone is 271 (24) . Based on the assumption that all of these hydrogens are exchangeable (unpublished work), is estimated to be Ͻ0.223-0.228. For N ϭ 1, the experimentally observed I(0)͞c value in dPBS corresponds to ϭ 0.21. For values N Ͼ 1, unrealistically high values of 0.37 for N ϭ 2 and 0.45 for N ϭ 3 would be obtained. Thus, the SANS data support the conclusion that in PBS alone pHtrII-cyt is monomeric and mono-disperse, whereas in the presence of 4 M KCl, the equilibrium shifts to a predominantly dimeric state. This conclusion is consistent with that obtained from AGFC and cross-linking.
Dimensions of pHtrII-cyt from SANS Data. Approximating the rodlike structure of pHtrII-cyt to a cylinder, we can estimate the dimensions as follows. Combining I(0) and P from Eqs. 2 and 3, the length can be calculated directly from the experimental data as L ϭ I(0)͞P. The length of pHtrII-cyt was estimated to be L PBS ϭ 202 Ϯ 5 Å and L SALT ϭ 248 Ϯ 7 Å in dPBS with and without KCl, respectively. The radius of the cylinder can then be calculated from the aggregation number N, molecular volume of protein chain V p , and the length of the cylinder L as r ϭ ͌ NV p ͞L. We obtained cross-sectional diameters d PBS ϭ 14.4 Ϯ 0.6 Å in dPBS and d SALT ϭ 18.2 Ϯ 0.8 Å in dPBS plus 4 M KCl. For comparison, the average cross-sectional diameter of the Tsr-cyt dimer is Ϸ18 Å. Thus, our data show that in 4 M KCl the overall shape and size of pHtrII-cyt are analogous to those of Tsr-cyt.
Conclusions
Here, we studied the secondary structure, shape, and oligomerization state of the cytoplasmic domain of the phototaxis transducer pHtrII-cyt from the halophilic archaeon N. pharaonis. This protein domain is analogous to the chemotaxis serine receptor cytoplasmic domain Tsr-cyt for which a crystal structure is available, a dimeric helical coiled-coil that turns back onto itself (13) .
A Dynamic Helical Rod Structure for pHtrII-cyt. We expected the structure of pHtrII-cyt to be similar to that of Tsr-cyt, but the CD spectrum in dilute buffer solution (PBS) showed essentially no evidence for helix. Addition of 4 M KCl, considered physiological for N. pharaonis, or ammonium sulfate, induces helical structure. On the other hand, SANS data are consistent with the helical coiled-coil rod structure of Tsr-cyt and indicate that the shape in both PBS and 4 M salt is a rod with an R g of 54 Ϯ 3 Å. This finding suggests that there must be some helix present even in PBS despite the lack of the characteristic 222-nm signal in the CD. This discrepancy poses the question: how much must a helical structure be distorted for the characteristic CD to be lost? Molecular dynamics simulations have shown that both structural dynamics and breaks in the continuity of the helix can cause underestimation of helix content from CD data (25) . The ''random coil'' state as defined by CD spectroscopy is the most elusive conformational ensemble (26, 27) . Recent discussions on the prevalence of polyproline II-type configurations in the random-coil ensemble suggest that methods that report on local conformations such as secondary structure estimations using CD and NMR spectroscopy can result in discrepancies to conclusions derived from R g measurements (28) . Taking our SANS estimation of R g and CD data together, we conclude that pHtrII-cyt is a highly dynamic helical rod. This interpretation in terms of protein dynamics also fits the observed abnormally high elution volume in AGFC. Similar observations were made previously for Tar-cyt from Escherichia coli, which elutes at a volume corresponding to 110 kDa (29) and also displays globally dynamic behavior (12) . The increased helical content deduced from the CD spectrum of pHtrII-cyt in high salt without changes in R g estimated from SANS is therefore likely caused by a decrease in conformational flexibility in high salt rather than a folding transition from random coil to helix.
Correlation Between Structural Dynamics and Oligomerization State.
Halophilic proteins typically show a correlation between structure and dynamics and oligomerization state and protein function in dependence of salt concentration. For example, malate dehydrogenase from the halophilic archaeon Haloarcula marismortui is functional only as a tetramer at high ionic strength. Below 2 M salt, this protein dissociates into monomers and its secondary structure is diminished. This transition is accompanied with a loss of function (30) . Consistent with this general observation for halophilic proteins, the changes in structural dynamics we observed for pHtrII-cyt are accompanied by changes in oligomerization state. AGFC, cross-linking, and SANS data indicate that pHtrII-cyt is monomeric in PBS and dimeric in 4 M KCl, whereas ammonium sulfate promotes higher-order aggregation. This finding has likely functional significance, because dimerization is a known requirement for function in chemotaxis receptors and the co-complex of pSRII and the transmembrane domain of pHtrII is a dimer (6) . Our studies show that not only the transmembrane helices participate in dimer interactions, but so does the cytoplasmic domain in high salt. Cloning. The pHtrII sequence was aligned to the Tsr-cyt sequence as in refs. 13 and 31. The starting and end positions of our pHtrII constructs were chosen based on those of Tsr-cyt used in the earlier crystallization experiments (13) . Thus, the region of the htrII gene corresponding to amino acids 234-504 was amplified by PCR from native N. pharaonis cells using 5Ј-GCGGATCCCATATGGAG-GCCAGCGAGGACGTAAAC-3Ј as forward and 5Ј-GCAAG-CTTTCAGTCGGCCTGCTCGGAGAGGC-3Ј as reverse primers, respectively. The coding DNA fragment was cloned between NdeI and HindIII sites of the vector pET27bϩ (Novagen, San Diego, CA). Positive clones were identified by restriction analysis and confirmed by sequencing.
Materials and Methods
Expression and Purification. For production of pHtrII-cyt protein, transformed E. coli BL21-CodonPlus(DE3)-RIL cells were grown in dYT medium containing 50 mg͞liter kanamycin at 37°C. When the absorbance at 600 nm reached 0.6-0.8, isopropyl-␤-D-thiogalactopyranoside (1 mM) was added to induce expression. After 4 h, the cells were harvested by centrifugation (10,000 ϫ g). The cell pellet was resuspended in buffer A, the suspension was passed through a french press (SLM-Aminco, Urbana, IL), and the soluble and insoluble fractions were separated by centrifugation (100,000 ϫ g, 1 h, 4°C). The supernatant fraction was subjected to salting out by gradual addition of ammonium sulfate. After each step the sample was incubated for 1 h at 4°C with constant stirring and centrifuged (75,600 ϫ g, 30 min, 4°C), and the supernatant solution was used for the next salting-out step. At each step, pellets were resuspended in buffer B. Pellet fractions containing pHtrII-cyt were pooled and applied to a HiTrap Butyl FF column (Amersham Biosciences, Piscataway, NJ). Elution was carried out by using a linear gradient, buffer B to buffer C, and the protein usually eluted at ammonium sulfate concentration between 270 and 150 mM. Gel filtration on HiLoad 26͞60 Superdex 200 prep grade column (Amersham Biosciences) served as the last purification step. All fractions were analyzed by SDS͞PAGE. Protein concentration was estimated by the bicinchoninic acid protein assay (Pierce, Rockford, IL).
CD Spectroscopy. CD spectra were acquired by using a Jasco 810 spectropolarimeter (Jasco, Easton, MD). Protein solutions containing 0.1 mg͞ml pHtrII-cyt in PBS or PBS plus 4 M KCl, or PBS plus 40% ammonium sulfate were placed in a 0.2-cm Hellma (Forest Hills, NY) quartz cell. All spectra were recorded with a bandwidth of 1 nm, scan speed of 100 nm͞min, and time constant of 1 s. At least five scans were averaged for each spectrum. The reference spectra, obtained with the samples without protein, were subtracted from the corresponding pHtrII-cyt spectra after acquisition.
AGFC.
A Superdex 200 10͞300 column (Amersham Biosciences) with separation range for globular proteins between 10 and 600 kDa was used. After preequilibration of the column with the respective buffers, pHtrII-cyt samples (100-500 l) containing 50 g were injected and elution was carried out at room temperature at a flow rate of 0.5 ml͞min. The absorbance was monitored at 214 nm. Calibration of elution volumes was performed with the soluble globular proteins thyroglobulin (669 kDa), ferritin (440 kDa), BSA (67 kDa), ovalbumin (43 kDa),
